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Agriculture accounts for one-fifth of the annual increase in

anthropogenic greenhouse warming. Most of this is due to

methane (CH4) and nitrous oxide (N2O); agriculture produces

about 50 and 70%, respectively, of their anthropogenic emis-

sions. This chapter on mitigation options confirms earlier IPCC

estimates and quantifies potential contributions by agriculture

to reduce greenhouse gas emissions.

Between 400 and 800 Mt C/yr could be sequestered worldwide

in agricultural soils by implementation of appropriate manage-

ment practices to increase productivity—including increased

input of crop residues, reduced tillage, and restoration of

wasteland soils. However, soil carbon (C) sequestration has a

finite capacity over a period of 50–100 years, as new equilibri-

um levels of soil organic matter are established.

Biofuel production on 10–15% of the land area currently in

agricultural use or in agricultural set-asides could substitute for

300–1,300 Mt of fossil fuel C per year. Recovery and conver-

sion of crop residues could substitute for an additional

100–200 Mt fossil fuel C per year. However, the possible off-

sets by increased N2O emissions need to be considered.

Energy use by agriculture relative to farm production has

decreased greatly since the 1970s. Fossil fuel use by agricul-

ture in industrialized countries, although constituting only

3–4% of overall consumption, can be further reduced by, for

example, minimum tillage, irrigation scheduling, solar drying

of crops, and improved fertilizer management.

Significant decreases in CH4 emissions from agriculture can be

achieved through improved nutrition of ruminant animals and

better management of paddy rice fields. Additional CH4

decreases are possible by altered treatment and management of

animal wastes and by reduction of biomass burning. These

combined practices could reduce CH4 emissions from agricul-

ture by 15–56%.

The primary sources of N2O are mineral fertilizers, legume

cropping, and animal waste. Some N2O also is emitted from

biomass burning. N2O emissions from agriculture could be

reduced by 9–26% by improving agricultural management

with available techniques.

Ranges in estimates of potential mitigation reflect uncertainty in

the effectiveness of recommended management options and in

the degree of future implementation globally. Comprehensive

model-based analyses and improved global databases on soils,

land use, and trace gas fluxes are needed to reduce the uncer-

tainty in these estimates.

Farmers will not voluntarily adopt greenhouse gas (GHG) mit-

igation techniques unless they improve profitability. Some

techniques, such as no-till agriculture or strategic fertilizer

placement and timing, already are being adopted for reasons

other than concern for climate change. Proposed options for

reducing GHG emissions are consistent with maintaining or

increasing agricultural productivity.

EXECUTIVE SUMMARY



23.1. Introduction

Agriculture contributes significantly to anthropogenic emis-

sions of carbon dioxide (CO2), methane (CH4), and nitrous

oxide (N2O). Based on IPCC data (IPCC, 1994) and additional

estimates described below, agriculture accounts for about one-

fifth of the annual increase in radiative forcing (Figure 23-1).

Land-use changes related to agriculture especially in the trop-

ics, including biomass burning and soil degradation, are also

major contributors.

The large influence of agriculture needs to be traced back to its

individual sources so that effective mitigations can be sought.

Options such as those proposed by the International Workshop

on Greenhouse Gas Emissions from Agricultural Systems

(U.S. EPA, 1990a), and others that have been proposed more

recently, are shown in Table 23-1.

The IPCC First Assessment Report (IPCC, 1990a, 1990b) con-

cluded that land-use changes are the most important source of

anthropogenic CO2 after fossil fuel combustion. Improving the

productivity of existing farmland was proposed to mitigate

these emissions. Regarding the other two trace gases, it was

suggested that CH4 from rice fields could be reduced by

20–40% and CH4 from ruminant animals by 25–75%.

Improving Nitrogen (N) fertilizer efficiency and minimizing N

surpluses were cited as important approaches for reducing agri-

cultural N2O emissions, but no quantitative assessment was

made at that time.

Subsequent IPCC assessments (IPCC, 1991, 1992) corrobo-

rated most of the earlier suggestions, but estimates of CH4

emissions from rice were considerably reduced, and animal

manure was identified as an additional CH4 source. The

importance of N2O emissions from heavily fertilized soils was

further emphasized, but the quantities involved still remained

highly uncertain.

Since then, the availability of new regional and global data-

bases (FAO, 1990a, 1990b, 1990c; Eswaran et al., 1993;

Sombroek et al., 1993), additional site-specific measurements,

and the utilization of more thoroughly tested simulation mod-

els (Raich et al., 1991; Ojima et al., 1993c; Parton et al., 1993;

Potter et al., 1993) have improved the possibilities for quan-

tification. However, information concerning greenhouse gas

(GHG) fluxes from agricultural systems is still limited.

Global food production needs and farmer/society acceptability

considerations suggest that mitigation technologies should

meet the following general guidelines: (1) agricultural produc-

tion levels will be maintained or enhanced in parts of the world

where food production and population demand are in delicate

balance; (2) additional benefits will accrue to the farmer (e.g.,

reduced labor, reduced or more efficient use of inputs); (3)

agricultural products will be accepted by local consumers.

Table 23-1 summarizes greenhouse gas mitigation options

related to agriculture. These options are grouped into different

activities, and the list includes a qualitative assessment of their

relevance for the three trace gases CO2, CH4, and N2O.

Emphasis in this chapter will be given to quantifying these mit-

igation potentials.

23.2. Carbon Dioxide

Options to mitigate CO2 emissions from agriculture and land-

use changes include the reduction of emissions from present

sources and the creation and strengthening of carbon sinks.

Increasing the role of agricultural land as a sink for CO2

includes C storage in managed soils and C sequestration after

reversion of surplus farm lands to natural ecosystems (Follett,

1993). Biofuel production on agricultural lands has a consider-

able potential for mitigation of CO2 emissions by providing C

offsets to use of fossil fuel.

23.2.1. Land-Use Changes

23.2.1.1. Land-Use Changes in the Tropics

Biomass burning and loss of soil C associated with the conver-

sion of native ecosystems to agricultural use in the tropics is

believed to be the largest non-fossil fuel source of CO2 input to

the atmosphere. The net release of CO2 from land-use conver-

sion is thought to be in the range of 1.6 ± 1.0 Gt C/yr (IPCC,

1994). Of the C losses attributed to land use, soil C loss has

been estimated to account for 20–40% (Detwiler, 1986;
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CO2 CH4 N2O

Agriculture 20%

Other Sources 66%

Land-Use
Changes 14%

Figure 23-1: Proportions of the annual increase in global radiative

forcing attributable to agriculture and agriculture-related land-use

changes.



Houghton and Skole, 1990). Recent data, however, suggest that

soil C losses following deforestation may have been overesti-

mated, particularly for forest conversions to pasture, where soil

C can recover to levels equal to or higher than native forest

within a few years (Lugo and Brown, 1993; Cerri et al., 1994).

However, a reduction in land conversion rates remains an

important CO2 mitigation option (see Chapter 19).

Population increase, unresolved land tenure issues, desire for

higher living standards, and other sociopolitical factors drive

the demand for new cropland in the tropics. However, the suit-

ability and management of this new cropland is often poor,

resulting in soil degradation that exerts additional pressure to

convert new lands to agriculture. Currently only half of the

conversion of tropical forests to agriculture contributes to an

increase in productive agricultural area; the other half is used

to replace previously cultivated land that has been degraded

and abandoned from production (Houghton, 1994). The only

way to break out of this cycle is through more sustainable use

and improved productivity of existing farmland (Sanchez et

al., 1990) and better protection of native ecosystems.

The mitigation options associated with land-use changes are

strongly related to major climatic zones. The most significant

opportunities appear to be in the humid tropics and in tropical

wetlands. In sub-humid zones, much of the land area has

already been converted to permanent agriculture. However,

improved management and productivity on these lands could

help to reduce agricultural expansion (and hence deforestation)

in humid zones, especially in Latin America and Africa. In the
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Table 23-1:  Options for direct and indirect mitigation of greenhouse gas emissions from agriculture.

CO2 CH4 N2O

1.  Land Conversion and Management

– Reduced deforestation rate H M M

– Pasture immediately after deforestation M L

– Conversion of marginal agricultural land to grassland, forest, or wetland M L

2.  Agricultural Land Utilization and Management

– Restoring productivity of degraded soils H L

– More intensive use of existing farmland M L L

– Restrict use of organic soils H L

– Conservation tillage M L

– Reduction of dryland fallowing M

– Diversified rotations with forage crops M L

3.  Biofuels

– Energy crops for fossil fuel substitution H

– Agroforestry L

– Windbreaks and shelterbelts L

– Agroindustrial wastes for fossil fuel substitution L

4.  Recycling of Livestock and Other Wastes

– Recycling of municipal organic wastes L L M

– Biogas use from liquid manures M

5.  Animal Husbandry

– Supplementing low-quality feed M

– Increasing feed digestibility L

– Production-enhancing agents L

6.  Rice Cropping Systems

– Irrigation management M L

– Nutrient management M L

– New cultivars and other M L

7.  Plant Nutrient Management

– Improved fertilizer use efficiency L H

– Nitrification inhibitors M

– Legume cropping to bolster system productivity M

– Integrating crop and animal farming L

8.  Minimizing Overall N Inputs

– Reduced protein inputs in animal feed M

– Reduced protein consumption by society M M

Note:  Mitigation Potential:  L = Low, M = Medium, H = High.



semi-arid zone, soil and biomass C stocks are smaller and dif-

fer less as a function of land use; therefore, the scope for CO2

mitigation through changing land-use patterns is more limited.

23.2.1.2. Reversion of Agricultural Land in Temperate Zones

In temperate regions there is little development of new agri-

cultural lands, and in regions with food surpluses (e.g., United

States, Canada, Western Europe) the agricultural land base is

being reduced. A similar situation may occur in the longer term

for countries in Eastern Europe and the former Soviet Union

(FSU) as per area productivity increases. Thus, the reversion of

marginal agricultural land to forest (including shelterbelts and

plantations), grassland, and wetlands represents a potential for

C sequestration.

Rates of C accumulation in reverted agricultural soils vary

greatly depending on climate and soil conditions, the vegetation

type established, and the degree of management (Table 23-2).

Upon release from agricultural production, C sequestration

would continue only until soils reached a new equilibrium

value, most of which would be realized over a 50–100 year

period. An exception is the case of reversion to wetlands,

where the buildup of organic soils provides a more sustained C

sink. About 8 Mha of organic soil-wetlands are currently under

cultivation in the temperate zone. As of 1980, these soils were

estimated to provide a net C source of ~5 Mt/yr, but represent

a potential sink of ~55 Mt C/yr in their native state, with sus-

tained rates of C accumulation of 20–225 g C/m2/yr

(Amentano and Menges, 1986).

Currently about 25 Mha in the United States, Canada, and the

European Union (EU) (~15% of total cropland) has been taken

out of production by government set-aside programs. The U.S.

Conservation Reserve Program, started in 1985, is scheduled to

begin expiring in 1996, and 75% of the land is expected to

return to agriculture by 2005 unless the program is extended.

The EU agricultural set-aside programs are for 1–5 years and

can include annual cropping for non-food production (e.g.,

oilseed for fuel), although separate programs exist for tree

planting. Because C stocks are likely to be depleted again when

lands are returned to cultivation, short duration set-asides have

little or no effect on C sequestration. If soils are left unculti-

vated and allowed to revert to native vegetation, C contents in

upper soil horizons could eventually reach levels comparable

to their precultivation condition. Considering the ~640 Mha of

cropland with real or potential surpluses (United States,

Canada, FSU, Europe, Australia, and Argentina) and assuming

recovery of the soil C originally lost due to cultivation

(25–30% per Davidson and Ackerman, 1993), a permanent set-

aside of 15% of the land area might sequester 1.5–3 Gt C.

A large-scale reversion or afforestation of agricultural land is

possible only if adequate supplies of food, fiber, and energy

can be obtained from the remaining area. This is currently pos-

sible in the EU and United States through intensive farming

systems. However, if farming intensity changes because of

environmental concerns or changes in policy (Enquete

Commission, 1995; Sauerbeck, 1994a), this mitigation option

may no longer be available.

23.2.2. Carbon Sequestration in Agroecosystems

Losses of soil C as a consequence of cultivation are ubiquitous

and well-documented (Haas et al., 1957; Greenland and Nye,

1959; Davidson and Ackerman, 1993). Historical losses of C

observed in many soils were due, in part, to low production lev-

els, erosion, inadequate fertilization, removal of crop residues,

and intensive tillage. Improved management is capable of
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Table 23-2:  Examples of C sequestration rates with conversion of agricultural land to forest and grasslands in some temperate locations.

Mean Soil C

Time Soil Depth Accumulation

Region Land-Use Conversion Period (yr) Considered (cm) (g/m2/yr)

UK Abandonment to deciduous foresta,b ~100 23 50

UK Planted grasslandc 15 15 75

Canada Abandonment to native shortgrass prairied 24 15 13

USA Grassland seeded for set-aside programe 5 100 15–120

USA Abandonment to native shortgrass prairief 50 10 3

New Zealand Planted grasslandg 18 20 100

aJenkinson, 1971.
bJenkinson et al., 1992.
cTyson et al., 1990.
dDormaar and Smoliak, 1985.
eGebhart et al., in press.
fBurke et al., submitted.
gHaynes et al., 1991.



increasing C levels on present agricultural soils and reducing

losses from newly cultivated soils. In general, high residue pro-

duction, perennial forage crops, elimination of bare fallow, and

reduced tillage will promote C sequestration.

An estimate based on the distribution of cultivated soils across

major soil groups, their associated C contents, and average loss

rates due to cultivation yields a current global stock in cultivat-

ed lands of 167 Gt C and a historical loss from these soils of 55

Gt C (Table 23-3). Comparable estimates have been obtained by

Houghton and coworkers (Houghton et al., 1983; Houghton and

Skole, 1990) from a more detailed analysis of historical land-

use data. They estimated global losses of soil C since 1860 to be

30 Gt C (15% of the total 170 Gt C lost from vegetation and

soils), or 41 Gt C since the beginning of settled agriculture

(Houghton and Skole, 1990). These land use-based estimates do

not include C loss from drainage of wetland soils, which could

account for the higher value calculated in Table 23-3.

These global estimates of C loss from cultivated soils provide

a reference level for the C sequestration that might be achieved

through improved management. Increasing C levels in artifi-

cially drained wetland soils (e.g., Histosols) is unlikely except

in cases where they are reverted to wetlands. Therefore, the

potential to increase C levels in cultivated systems is largely

restricted to upland soils. Assuming a recovery of one-half to

two-thirds of historic C losses as a reasonable upper limit, the

global potential for C sequestration in cultivated soils over the

next 50–100 years would be on the order of 20–30 Gt. This

would require increased production and major improvements

in management on much of the world’s cultivated areas, par-

ticularly in less-developed regions. Under current conditions, it

is estimated that there is little or no net C sequestration in tem-

perate soils as a whole, and cultivated soils in the tropics are

probably a net source of C (Cole et al., 1993; Sauerbeck,

1993). To identify the most important management factors and

constraints on C sequestration, more detailed regional infor-

mation is provided in Sections 23.2.2.1 through 23.2.2.3.

23.2.2.1. Tropical Agroecosystems

The decrease in soil C with permanent cultivation is of the

same order as that for temperate regions, often 20–50% or

more, although C losses typically are more rapid in the tropics.

It is estimated that arable land and pasture use in the tropics

currently contributes a net C flux of 90–230 Mt C annually

(Lal and Logan, in press). Decreases in soil C are a result of

lower organic matter inputs relative to native systems,

enhanced decomposition rates, and/or erosion. Management to

increase soil C levels is a high priority for improving the pro-

ductivity and sustainability of tropical agricultural systems

(Swift and Sanchez, 1984). Opportunities to increase soil C

levels include improved management of presently cultivated

land and the restoration of degraded lands. The latter will

include conversion to nonagricultural uses such as forest or

biofuel production, but some areas may be suitable for agricul-

tural production as well.

Management practices to increase soil C stocks include reduced

tillage, increased production and crop residue return, perennial

crops (including agroforestry), and reduced bare fallow fre-

quency. Introduction of deep-rooting cultivars of tropical grass-

es also shows promise (Fisher et al., 1994). However, there are

751Agricultural Options for Mitigation of Greenhouse Gas Emissions

Table 23-3:  Soil C contents (1 m) and historic soil C loss from cultivated soils worldwide.

Cultivated C Mass—Virginb C Mass—Cultivated Soil C Lossc

Soil Groupa Area (Mha) (Gt C) (Gt C) (Gt C)

Forest Soils 822 85 63 22

Grassland Soils 438 58 43 15

Wetland Soils 128 54 43 11

Volcanic Soils 31 7 5 2

Other Soils 308 18 13 5

Total 1727 222 167 55

a Soil groups are aggregated according to the global distribution of cultivated soils in major FAO soil groups by Bouwman

(1990).  Aggregations included the following soil types: Forest (Acrisols, Podzoluvisols, Ferralsols, Luvisol, Cambisol,

Nitosol, Podzol, Chromic Luvisol, Planosol), grassland (Chernozem, Phaeozem, Greyzem, Kastanozem, Vertisol), wetland

(Gleysol, Histosol), volcanic (Andosol), and other (Lithosol, Arenosol, Regosol, Solonchak, Solonetz, Xerosol).  Some soil

types (e.g., Acrisols) that contain subgroups occurring in different vegetation types (e.g., forest vs. grassland) were aggregat-

ed under a single soil group (e.g., forest) designation.
b C contents, to 1m depth, were calculated separately for each FAO soil type (excluding Histosols) using data from Sombroek

et al. (1993), then aggregated.  C contents for Histosols (112 kg/m2) were from Amentano and Menges (1986).
c Carbon loss due to cultivation of mineral soils was assumed to be 26% of C in the top 30 cm, based on the average reported by

Davidson and Ackerman (1993).  Losses were calculated separately for the surface layer of soil groups given by Sombroek et al.

(1993), then aggregated.  Estimates of C lost from cultivation of Histosols to 1990 (8 Gt C) were from Amentano and Menges

(1986).  C mass in cultivated soils was calculated as the difference between uncultivated C contents and C loss estimates.



economic, educational, and sociological constraints to improved

soil management in much of the tropics. Many tropical farmers

cannot afford or have limited access to purchased inputs such as

fertilizer and herbicides. Crop residues often are needed for live-

stock feed, fuel, or other household uses, which reduces C inputs

to soil (Elwell, 1993). On the other hand, development efforts

that seek to increase the sustainability and productivity of tropi-

cal agriculture will be largely compatible with CO2 mitigation

needs. To the extent that improved management is based on sig-

nificantly increased fossil fuel consumption, however, benefits

for CO2 mitigation will be decreased.

Increasing soil C levels depends on increasing crop productivity

and input of organic matter to the soil (through irrigation, soil fer-

tility improvement, multiple-cropping, controlled grazing) and/or

decreasing decomposition rates (through reducing tillage, residue

quality, pH, temperature, moisture). The relative importance of

these factors will vary according to climate and soil type.

In much of the semi-arid tropics, the predominant land use is

pastoral, and grazing control is an important option for main-

tenance of soil C. Data from northeastern Brazil suggest that

improved pastures can maintain C levels comparable to those

of native systems (1–1.5% C), which are roughly twice those

in shifting cultivation systems (Tiessen, pers. comm.). Water

availability is the main determinant of productivity, and the use

of reduced tillage and mulching to increase available water and

to reduce surface erosion can promote increased soil C (Lal,

1986). In areas where cropping and livestock are closely inte-

grated, such as parts of the west African Sahel and the Miombo

zone in southern Africa, better efficiency of manure utilization

and supplemental commercial fertilizer can increase productiv-

ity and soil C (Feller and Garin, pers. comm.). Overall, how-

ever, C stocks are low even under native ecosystems, and

therefore CO2 mitigation options are limited.

In sub-humid and humid zones, CO2 mitigation potentials are

higher. With greater water availability, the physical condition

and fertility of soils become more important as production con-

straints. The inherent physical conditions of these soils are gen-

erally good but can be degraded with intensive tillage. Reduced

tillage, mulch farming, alley cropping, and other agroforestry

practices can contribute to maintenance of soil structure and

reduction of erosion and can provide increased organic matter

inputs and reduced decomposition rates (by reducing soil tem-

peratures and soil disturbance). In wetland soils, especially

paddy fields, low aeration slows decomposition and leads to

high C contents, especially in continuously wet soils. When

soils dry up during part of the cropping cycle, C contents will

decrease unless green manures or large amounts of crop

residues (e.g., wheat) are produced in the dry season. The

widespread burning of rice straw reduces organic C inputs to

the soil. Higher C stocks in wetland soils generally increase

CH4 emissions, although better water management can help

control CH4 emissions.

Restoration of degraded lands is a significant mitigation

option. Worldwide there are about 1,200 Mha of moderately

to severely degraded lands, which constitute a large potential

C sink (Oldeman et al., 1990). In the tropical and subtropical

regions of China, about 48 Mha is classified as “wasteland,”

of which 80% is considered suitable for forestry and 8% and

6% could be restored as cropland and pasture, respectively

(Zhao, pers. comm.). Based on field experiments, net C

increases in soils reclaimed for agriculture are on the order of

2.4 kg C/m2 over a 10-year period, which represents a net C

sink of 92 Mt C.  Higher increases could be obtained for the

larger area suitable for reforestation. In India, more than 100

Mha are classified as degraded and greatly depleted in soil C.

Experiments have shown that salt- and alkali-affected soils

have a relatively high potential for C sequestration if suitable

tree and grass species and water management measures are

used (Gupta and Rao, 1994). These authors estimated that a

restoration of 35 Mha of wasteland area in India could

sequester up to 2 Gt C.

23.2.2.2. Temperate Agroecosystems

Most temperate agricultural soils have been cultivated for

decades to centuries, and most probably have attained a C

content close to equilibrium value. Very little land in the tem-

perate zone is currently being converted to agriculture. For

industrialized agriculture (i.e., United States, EU), soil C

probably is increasing slightly due to increased productivity

and hence greater crop residue inputs, improved residue man-

agement, and reduced tillage. In less industrialized agricul-

ture (e.g., FSU) and in areas that have been brought into cul-

tivation more recently, soil C probably is decreasing slightly.

As a first approximation, it is reasonable to assume that tem-

perate agricultural soils are not a large source or sink of C

under current practices (Cole et al., 1993; Sauerbeck, 1993).

However, soil organic C in permanently cropped fields can be

increased through a number of management practices, includ-

ing greater returns of organic materials to soil, decreased

periods of fallow, use of perennial and winter cover crops,

recycling of organic wastes, reduced tillage, erosion control,

and agroforestry.

Soil C levels are closely tied to the rate of C return from crop

residues and other sources. Numerous long-term field experi-

ments demonstrate that for many soils, organic C levels are

directly proportional to the annual rate of C input (Rasmussen

and Collins, 1991; Paustian et al., 1995). Increasing crop pro-

duction through better nutrient management, reduced fallow

periods, and improved cultivars can increase C inputs to soil if

crop residues are retained.

Summer fallow is used extensively in semi-arid areas of

Canada, the United States, Australia, and the FSU to offset

rainfall variability and increase soil water storage. Eliminating

or reducing summer fallow through better water management

could significantly increase C in semi-arid croplands and

decrease soil erosion (Janzen, 1987; Campbell et al., 1990).

During fallow periods, mineralization of soil organic C gener-

ally is faster than under a crop, and there is no input of crop
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residues (e.g., in a spring wheat-fallow rotation, there may be

only 4 months of crop cover per 24 months).

Greater use of perennial forage crops can significantly increase

soil C levels, due to high root C production, lack of tillage dis-

turbance, and protection from erosion. Increases of up to 100 g

C/m2/yr have been documented for cultivated land planted to

grassland (see Table 23-2). Where climate permits, winter

cover crops decrease erosion and provide additional inputs of

C, thereby increasing soil organic carbon (SOC). Simulation of

the U.S. cornbelt with the EPIC model suggested an addition-

al C sequestration of 400 g C/m2 in 100 years from the use of

winter cover crops (Lee et al., 1993). 

Large applications of manure can increase soil C as much as

can reversion to natural vegetation. For example, in the

Broadbalk Wheat Experiment at Rothamsted, UK, the appli-

cation of farmyard manure (FYM) at the very high rate of 35

t/ha annually since 1843 has increased %C in topsoil (0–23

cm) from 0.92% (measured in 1881) to 2.8%. However,

such an application rate is not possible on a large scale, and

the off-site impacts of large manure application need to be

considered.

Reduced- or no-till systems often (but not always) increase soil

C. Reduced tillage generally causes organic matter to be con-

centrated near the surface, but this does not necessarily repre-

sent an increase within the total profile (Powlson et al., 1987).

However, several studies have shown genuine increases in

SOC as a result of reduced tillage (e.g., Dick et al., 1986;

Saffigna et al., 1989; Balesdent et al., 1990; Ismail et al.,

1994). For the United States, Kern and Johnson (1993) esti-

mate that an increase in the use of reduced tillage from current

levels of 27% to 76% of cultivated area by the year 2020 would

result in a net C sequestration of 0.2–0.3 Gt C versus a net loss

of 0.2 Gt C with current practices. Gaston et al. (1993) estimate

that no-till management of 181 Mha of climatically suitable

land in the FSU could sequester as much as 3.3 Gt C.

In the FSU, significant effort has been made to prevent losses

of soil organic matter by using straw mulch and shelterbelts,

and terracing steep slopes. Planting of 18 Mha of shelterbelts

and afforestation of 53 Mha of degraded landscapes and heav-

ily polluted lands would allow 16 Gt C to be sequestered and

conserved over 100 years (160 Mt C/yr)(Kolchugina and

Vinson, pers. comm.).

23.2.2.3. Regional Analyses

A rigorous assessment of soil C changes and the potential

impacts of various mitigation strategies requires the integration

of information on land-use and management practices, soils,

and climate at regional scales. The growing availability of

national and, to a lesser extent, global databases, together with

the use of simulation modeling, provide the framework for such

analyses. While no such global-scale analyses of C in agricul-

tural systems have yet been done, three regional analyses for

areas in North America illustrate the utility of such an approach,

as well as problems and information constraints.

Impacts of different management on soil C content for the U.S.

cornbelt region over a 100-year period were assessed by Lee et

al. (1993) using the EPIC model (Sharpley and Williams,

1990). This study suggested continued losses of C under the

current mix of tillage practices. However, widespread use of

no-till plus winter cover crops resulted in a net accumulation of

0.10 Mt C/yr. Lee et al. (1993) projected that the net effect of

a shift to widespread use of no-till plus winter cover crops

could conserve 3.3 Mt C/yr over the next 100 years.

The potential C sequestration in Canadian agricultural soils

over the next 50 years was assessed by Dumanski et al. (pers.

comm.) using long-term field data and the Century model

(Parton et al., 1987). They assumed that cropland area would

remain within 5% of the current area; that there would be a

major reduction in summer/fallow in the Chernozemic soil

zone; and that cropping practices would be intensified, with

increased fertilizer use, improved residue management with

reduced tillage, and better erosion control. Over a 50-year peri-

od they projected an increased storage of 22 Mt C due to reduc-

tion of summer fallow and 69 Mt C from increased hay crops

in rotations. Proper fertilization and erosion control through

zero-tillage and other measures were projected to further

increase C. Summing these management treatments, C equiva-

lent to 3.4% of Canada’s present CO2 emissions could be

sequestered annually in improved croplands.

Potential impacts of alternative management practices on soil

C in the major agricultural regions of the central United

States were analyzed by Donigian et al. (1994). They con-

ducted a detailed analysis combining geographic databases

on climate, soils, and land use with Century model (Parton et

al., 1987) simulations. Management scenarios included

increased use of cover crops, increased adoption of reduced

tillage, and impacts of land set-aside, as well as potential

increases in crop production. This analysis projected an

increase in net soil C, primarily due to increases in produc-

tivity and crop residue inputs. Thus, a continuation of current

trends in agricultural practices would increase C storage by

25 to 50 Mt C per year in a region comprising 70% of U.S.

cropland (87 Mha). 

A global-level analysis using approaches similar to those out-

lined above is needed in order to better evaluate potential C

changes, including an analysis of management effects and

interactions with potential climate change. However, databases

on land use and management, soils, and climate for many

developing countries are not adequate to provide a reliable

framework for analysis. Uncertainties about the distribution of

land-use types and management regimes in relation to soils and

climate and the behavior of soil organic matter below the sur-

face horizon are important topics that need to be addressed.

The current efforts of Food and Agriculture Organization

(FAO) to improve such databases at both national and global

levels should be expanded.
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23.2.3. Fossil Energy Use by Agriculture

Fossil energy use by agriculture is about 3–4.5% of the total con-

sumption in the developed countries of the world (CAST, 1992;

Haas et al., 1995a, 1995b; Enquete Commission, 1995). Thus,

for the primary farm production sector, the mitigation potentials

through reduced fuel consumption are relatively small. The ratio

of energy use to farm production has decreased markedly since

the “oil crisis” of 1973 sharply increased the costs of energy to

all sectors including agriculture (Darmstadter, 1993) and contin-

ues to decrease at this time (U.S. Government Executive Office,

1995). Further reductions may be expected by expanded use of

minimum tillage, irrigation scheduling, solar drying of crops,

and improved fertilizer management.

Tillage and harvest operations account for the greatest propor-

tion of fuel consumption in intensive cropping systems.

Considerable energy savings are possible because the fuel

requirements using no-till or reduced tillage are 55% and 78%,

respectively, of that for conventional moldboard plow tillage

(Frye, 1984).

The fixation of atmospheric N into synthetic fertilizer requires

about 1.2 kg of fossil C equivalents for each kg of fixed N.

Therefore, the present global consumption of about 80 Mt fertil-

izer N corresponds to the consumption of 100 Mt fossil C per

year. Although the N fertilizer use in developed countries may

not increase much further, it is predicted to double in developing

countries by the year 2025 (IPCC, 1992; Sauerbeck, 1994a).

Accordingly, the energy required for manufacturing N fertilizers

will increase to about 150 Mt fossil C annually. In Southeast

Asia, for example, a 30% increase in the use of fossil fuel is con-

sidered necessary by the year 2000, if food production is to fol-

low population and economic growth. Thus, optimizing N use

efficiency and minimizing N surpluses provide mitigation of

CO2 emissions in addition to reducing N2O emissions.

High-intensity animal production has become the biggest con-

sumer of fossil energy in modern agriculture (van Heerwarden

et al., 1992; Enquete Commission, 1995). This needs to be

considered more critically, as do recent emissions comparisons

between conventional and alternative agricultural systems

(Enquete Commission, 1995). As an example, Haas et al.

(1995a, 1995b) calculated that organic farm systems in

Germany emit only 39% of the overall fossil C required by

conventional farms. This is due mainly to the replacement of

mineral N fertilizers by legume cropping, balanced animal

stocking rates, and a much lower consumption of feed concen-

trates (Koepf et al., 1988; Enquete Commission, 1995). Even

energy inputs per ton of harvested crop were lower by 20–60%

(Haas et al., 1995a, 1995b), although this depends on yield lev-

els and cannot be generalized (Nguyen and Haynes, 1995).

Fuel requirements by the food sector as a whole (including pro-

cessing, preservation, storage, and distribution) account for

10–20% of total fossil energy consumption (Pimentel et al.,

1990; CAST, 1992; Haas et al., 1995a, 1995b). Thus, it may be

worthwhile to reconsider the extent of food transport and the

overall nutritional habits of the societies in the developed

world. For instance, reducing animal protein consumption in

Europe and the United States by only one-half of its present

excess would decrease N fertilizer requirements by about one-

half (Sauerbeck, 1994b; Isermann and Isermann, 1995).

23.2.4. Biofuel Production

Both non-food crops and many conventional agricultural crops

produce biomass that is valuable as a feedstock for either ener-

gy supply or industrial products. Most of these crops require

soil and management conditions similar to food crops and

compete for limited resources. The extent to which their pro-

duction will be expanded in the future depends on the devel-

opment of new technologies, their economic competitiveness

with traditional food and fiber crops as well as with conven-

tional petrochemical feedstocks, and social and political pres-

sures for more renewable and biodegradable materials.

The greatest agricultural potential for mitigating CO2 lies in

increasing the amount and variety of plant biomass used direct-

ly for energy production (herein defined as biofuels; see also

Chapter 19) as a substitute for fossil energy. This increase

could be realized by substituting biofuel crops for other agri-

cultural crops (particularly those in surplus supply), by grow-

ing them on lands held in agricultural set-aside programs, or by

intermixing biofuel plants with food or forage plants in an

agroforestry system. 

There are also significant opportunities to utilize crop

residues and byproducts for the production of energy to

replace fossil fuels. These vary widely, however, in terms of

the feasibility of collecting and transporting residues, as well

as the extent to which crop residues can be removed from

fields without adversely affecting soil C levels and site pro-

ductivity. In general, it is estimated that only 50% of the

residues can be removed without affecting future soil produc-

tivity, and only 25% should be considered as recoverable for

energy purposes (Sampson et al., 1993). Hall et al. (1993)

estimate that for the world’s major crops (wheat, rice, corn,

barley, and sugarcane), a 25% residue recovery rate would

amount to an annual C amount of 357 Mt. Much of this would

be used for heating and cooking, without substituting for coal

or petroleum use. Based on assumptions for energy conver-

sion and degree of substitution for fossil C, crop residues

could offset 100–200 Mt fossil C.

Other opportunities include converting marginal or surplus

crop and pasture land to forest, increasing the use of forest bio-

mass, noncommercial thinning of industrial timber and paper

production wastes, and using recycled wood and paper prod-

ucts for biofuels. Many of the agricultural biofuels considered

could be advantageously combined with forest biofuels to stag-

ger harvest dates, reduce storage facility needs, create a more

uniform year-round feedstock supply, and reduce the collection

radius needed for a feasible utilization facility such as a utility-

scale electrical power station.
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The CO2 mitigation potential of a large-scale global agricultur-

al biofuel program can be significant (Johansson et al., 1993).

Assuming that 10–15% of the world’s cropland area could be

made available, fossil fuel substitutions in the range of 0.3 to

1.3 Gt C/yr have been estimated. This estimate does not

include the indirect CO2 offsets of biofuel production through

increasing C storage in standing woody biomass, and possibly

by increased soil C sequestration.

23.2.4.1. Dedicated Biofuel Crops

Dedicated energy plants, including short-rotation woody

crops (SRWC), perennial herbaceous energy crops (HEC),

and annuals such as whole-plant cereal crops, could be sus-

tainably grown on 8–11% of the marginal to good cropland in

the temperate zone (Table 23-4; Sampson et al., 1993). For

example, in the EU it has been estimated that 15–20 Mha of

good agricultural land will be surplus to food production

needs by the year 2010 (Scurlock et al., 1993; Flaig and

Mohr, 1994). This would be equivalent to 20–30% of the cur-

rent cropland area.

Due to increasing agricultural demand in the tropics, a lower

percentage of land is likely to be dedicated to energy crops, so

a reasonable estimate may be 5–7% (Sampson et al., 1993). In

total, however, there could be a significant amount of land

available for biofuel production (FAO, 1994), especially from

marginal land and land in need of rehabilitation.

In the United States and Europe, dedicated energy crop

yields of about 5 t C/ha/yr currently are achievable from good

cropland, and yields of around 9 t C/ha/yr are believed possi-

ble by the year 2030 (Wright and Hughes, 1993). In Brazil,

SRWC yields in the range of 20 to 30 t C/ha/yr have been

reported from trial plots (Betters et al., 1992), representing a

doubling of average yields from 30 years ago. Generally, how-

ever, average tropical crop yields are lower, ranging from 6 t

C/ha/yr currently to perhaps 12 t C/ha/yr in the future (Table

23-4; Sampson et al., 1993).

Given the assumptions in Table 23-4, the range of estimated

C emission reductions from energy crops in the tropics is 160

to 513 Mt C/yr. In the temperate regions, C emission reduc-

tion could potentially range from 85 to 493 Mt C/yr

(Sampson et al., 1993). In addition, agroforestry systems,

where trees are grown in intensively managed combinations

with food or feed crops, have potential emission reductions of

10 to 55 Mt C/yr in temperate and 46 to 205 Mt C/yr in trop-

ical regions.

23.2.4.2. Biodiesel and Bioethanol

Recently, the use of vegetable oil crops for the production of

biodiesel has attracted considerable attention in the United

States and the EU (Scurlock et al., 1993). Biodiesel can be

burned directly in modified diesel engines or can be used in

conventional diesel engines after conversion into methyl or

ethyl esters (Vellguth, 1983; Schwab et al., 1987; Sims, 1990).

However, it currently costs considerably more to produce than

petroleum diesel, so it is not likely to see expanded usage

unless technological breakthroughs, ecological considerations,

or government subsidies alter the economic situation
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Table 23-4:  Potential reduction of C emissions when replacing fossil energy carriers by biofuels of agricultural origin under

2 x CO2 conditions.  Ranges indicate low and high estimates (modified from Sampson et al., 1993).

Net C Net C Energy Energy C Emissions

Land Area Yield Amount Use Substitution Reduction

Agric. Biofuel Option (Mha)a (t C/ha/yr)b (Mt/yr) (%)c Factord (Mt/yr)

Dedicated Energy Crops

Temperatee 26–73 5–9 130–657 100 0.65–0.75 85–493

Tropicalf 41–57 6–12 246–684 100 0.65–0.75 160–513

Temperate Shelterbeltsg 13–26 2–4 26–104 75 0.50–0.70 10–55

Tropical Agroforestryh 41–65 3–6 123–390 75 0.50–0.70 46–205

Total 525–1835 301–1266

aAssuming about 10–15% of world cropland to be available for biofuels.  The 10% estimate agrees with Hall et al. (1993).
bBased on information in Flaig and Mohr (1994), Graham et al. (1993), Hall et al. (1993), Sampson et al. (1993), and others.
cAssumed percentage for energy utilization.
dAssumed substitution factors for fossil fuel according to Sampson et al. (1993).
e-hAssumed percentages of total cropland.

e8–11% temperate.
f5–7% tropical.
g2–4% temperate.
h5–8% tropical.



(Kleinhanss, 1993; Sampson et al., 1993; Scurlock et al., 1993;

Flaig and Mohr, 1994).

Generally, crops from which only the oil, starch, or sugar are

used are of limited value in reducing CO2 emissions, due to the

low net energy produced and the relatively high fossil fuel

inputs required (Marland and Turhollow, 1991; Flaig and

Mohr, 1994). Providing one energy equivalent as rapeseed oil

requires about 0.5–0.6 equivalents as fossil fuel, and if

bioethanol is produced from grains or root crops, the net ener-

gy gain may be as low as 13–20% (Leible and Wintzer, 1993;

Graef et al., 1994). However, when using sugarcane, the cane

waste provides most of the production energy, resulting in a

ratio of ethanol energy to the input of fossil fuel of about 5.2

(Goldemberg et al., 1993). Similarly, palm oil obtained in mills

driven by residue fuel at yields of 4–5 t/ha can compete with

diesel costs at an energy output versus fossil energy input ratio

of 9:5 (Wood and Conley, 1991). The burning of whole-plant

biomass as an alternative to fossil fuel results in the most sig-

nificant CO2 mitigation (Leible and Wintzer, 1993; Reinhardt,

1993; Kaltschmitt and Becher, 1994), although the actual net

effect depends on the plant yield and composition and on the

intensity of the cropping system.

23.2.4.3. Overall Fossil Fuel Offsets

Estimating biomass energy production potentials requires

assumptions not only about available land, productivity, plant

species, and percent of the crop to be used but also about col-

lection and transport, conversion efficiencies, and fuel substi-

tution factors. Table 23-4 was developed as an estimate of the

primary energy that could be substituted over the next few

decades as a result of agricultural biomass production.

Assumptions were made about the relative conversion effi-

ciency of individual fuels and regarding which fossil fuel was

to be substituted for by the biomass (Sampson et al., 1993).

Overall, agricultural biofuels (energy crops, agroforestry, and

crop residues) have the potential to substitute for 0.40 to 1.50

Gt fossil fuel C per year. 

23.2.5. Summary of CO2 Mitigation in Agriculture

Potential C mitigation options in agriculture are significant in

relation to anthropogenic emission rates (Table 23-5). The agri-

cultural sector can reduce CO2 increases in the atmosphere by

reducing agriculturally related emissions, sequestering C in
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Table 23-5:  Summary of CO2 mitigation potential for agriculture, expressed as decreases in net C emission rates or as net C

storage rates, calculated on an annual basis or accumulated for a 50-year period.

Category Annual (Gt C) Cumulative (Gt C)

Reducing C Emissions

– Reduction in fossil energy use by agriculture in industrialized countriesa 0.01–0.05 0.5–2.5

(assuming 10–50% reduction in current use)

Increasing C Sinks

– Increasing soil C through better management of existing agricultural soils (globally)b 0.4–0.6 22–29

– Increasing soil C through permanent set-aside of surplus agricultural land

in temperate regions

1) Upland soilsc 0.015–0.03 0.75–1.5

2) Wetland restorationd 0.006–0.012 0.3–0.6

– Restoration of soil C on degraded landse 0.024–0.24 1.2–12

(assuming restoration of 10–50% of global total)

Fossil C Offsets

– Biofuel production from dedicated cropsf 0.3–1.3 15–65

– Biofuel production from crop residuesg

Total Potential CO2 Mitigation 0.86–2.44 45–122

a Based on current use of 3–4.5% of the total fossil C emission (2.8 Gt C/yr; OECD, 1991) by industrialized countries and an

arbitrary reduction range of 10–50%.
b Assuming a recovery of one-half to two-thirds of the estimated historic loss (44 Gt) of C from currently cultivated soils

(excluding wetland soils) over a 50-year period.
c Based on an estimated C sequestration of 1.5–3 Gt over a 100-year period, from a 15% set-aside of cultivated soils (~640

Mha), in industrialized countries with current or potential production surpluses; annual and cumulative rates given as 1 and

50% of that total, respectively.
d Based on restoration of 10–20% of former wetland area (8 Mha) now under cultivation in temperate regions.
e Assuming potential C sequestration of 1–2 kg C/m2 over a 50-year period, on an arbitrary 10–50% of moderately to highly

degraded land (1.2 x 109 ha globally; Oldeman et al., 1990).
f Values from Table 23-4.
g Based on 25% recovery of crop residues and assumptions on energy conversion and substitution.



soils, and producing biofuel to replace fossil fuels. However,

most of the options dealing with land use and soil C sequestra-

tion are limited in duration, in that vegetation and soils (under

a given set of environmental and management conditions) have

a finite capacity to sequester C. Calculations of C sink increas-

es are based on estimates of the difference between current C

stocks and those possible under improved management, con-

sidering that most of the increase in C would occur within a 50-

to 100-year time frame. An exception is C accumulation in

wetlands, where C increases can be sustained for much longer

periods. Reductions in fossil C consumption by agriculture and

the production of biofuels are mitigation options that can, in

principle, be maintained indefinitely.

There is a high degree of uncertainty in our estimates concern-

ing both flux rates and C storage capacity, as well as in the

level at which various mitigation options could be implement-

ed. Since the latter is largely a function of policy, several of the

mitigation potentials have been expressed in terms of arbitrary

ranges (10–50%) in implementation, representing possible

lower and upper limits for developing policy scenarios. 

Large amounts of C could be sequestered in soils (23–44 Gt

over a 50-year period) through improved management of agri-

cultural land, permanent set-asides, and restoration of degrad-

ed lands. Increasing soil C levels has additional benefits in

terms of improving the productivity and sustainability of agri-

cultural production systems. There are potential costs associat-

ed with promoting C storage, including fossil fuel require-

ments (e.g., fertilizers), lost production (e.g., set-aside pro-

grams), and additional labor and financial requirements (e.g.,

land restoration), which may constrain the potential for

increasing C storage. Direct fossil fuel use by agriculture is a

relatively minor portion of society’s total consumption; there-

fore, even high reductions in use within agriculture have a

modest mitigation potential.

The effects of potential climate change and CO2 enrichment on

mitigation have not been explicitly dealt with in the estimates

of mitigation potentials. We recognize the importance of these

factors, but the present level of knowledge is insufficient to

provide quantitative estimates that would incorporate the com-

plex interactions among CO2, climate change, and land use and

management. Analysis of the effects of these factors on C bal-

ance and trace-gas emissions requires an integrated model and

data analysis at the global scale.

23.3. Methane and Nitrous Oxide

Successful development and implementation of mitigation

strategies for agricultural sources of CH4 and N2O require an

understanding of the effects of land-use change and agricultur-

al practices on fluxes of these gases and on controlling mecha-

nisms. Current knowledge (Batjes and Bridges, 1992; Beese,

1994; Granli and Bockman, 1994; Kroeze, 1994; Mosier et al.,

in press; Smith et al., 1994) falls short of these criteria but is

sufficient to identify key systems/practices and geographic

areas to target, as well as likely mitigation technologies.

Proposed mitigation options need to be evaluated within the

context of farm production systems in order to ensure that

interactions and/or feedbacks are accounted for. There is a

potential for tradeoffs between CH4 and N2O that are only part-

ly assessed in this document.

Sections 23.3.1.1 and 23.3.1.2 provide a new assessment of

agricultural sources and sinks of CH4 and sources of N2O.

Appraisal of mitigation potential in agricultural systems is

based on these estimates and the management technology

available. The sources of CH4 considered important include

ruminant animals, rice production, animal waste, and biomass

burning, while agricultural land use impacts the aerobic soil

sink for atmospheric CH4. The direct and indirect production of

N2O in fertilized systems are considered to be the major agri-

cultural source of N2O. Other sources—such as biomass burn-

ing, enhanced production of N2O after burning, and increased

N2O production after forest clearing for agriculture—are

smaller and are given less rigorous attention. Animal feeding

operations are considered minor N2O sources that are not yet

adequately characterized.

23.3.1. Agricultural Sources and Sinks of CH4 and N2O

23.3.1.1. Methane

Biological generation of CH4 in anaerobic environments,

including enteric fermentation in ruminants (Johnson et al.,

1993), flooded rice fields, and anaerobic animal waste pro-

cessing, is the principal source of CH4 from agriculture.

Biomass burning associated with agriculture also contributes to

the global CH4 budget (Delmas, 1993). The primary sink for

CH4 is oxidation with hydroxyl radicals in the troposphere

(Crutzen, 1981); in addition, an aerobic soil sink of 10–20% of

CH4 emissions is now evident (Reeburgh et al., 1993).

23.3.1.1.1. Ruminant animals

Methane emissions from domestic ruminants are estimated to

be about 80 Mt/yr, with a range of 65–100 Mt/yr (IPCC, 1992;

Hogan, 1993). Cattle and buffalo account for about 80% of the

global annual CH4 emissions from domestic livestock (Hogan,

1993). Non-ruminant livestock make a relatively small contri-

bution (Crutzen et al., 1986; Gibbs and Leng, 1993; Johnson et

al., 1993).

Methane emissions associated with enteric fermentation in

ruminants range from 3–8% of gross feed energy intake

(Gaedeken et al., 1990; Leng, 1991; U.S. EPA, 1992; Gibbs

and Leng, 1993; Johnson et al., 1993), producing 25–37 l of

CH4 per kg dry matter intake (Shibata, 1994). However, for the

vast majority of the world’s domestic ruminants consuming a

wide range of diets under common production circumstances,

CH4 emissions fall near 6% of diet gross energy (range of 5.5

to 6.5%) (Johnson et al., 1993).  Restricting the amount of
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high-quality diet to one-half or less of voluntary consumption,

as is frequently done experimentally, can double these percent-

age losses; however, this seldom occurs in practice. The only

production group found markedly different from 6% is the

approximately 25 million head of cattle fed very high concen-

trate diets for about 120 d prior to slaughter (primarily U.S.

feedlots), where the emissions average about 3.5% of diet

gross energy.

The relatively constant CH4 emissions as percent of diet for

most of the world’s livestock has important implications for

mitigation strategy. Strategies targeting increased available

energy per unit of feedstuff will decrease intake required per

unit of product (meat, milk, etc.). Improved feeding and animal

management is the only strategy, to date, that has consistently

reduced methane emissions. Almost all improved livestock

management practices reduce methane per unit of product, and

while increased diet energy availability is usually central to the

improved practice, a whole array of interrelated inputs are

required (protein, minerals, vitamins, improved genetics,

reproductive efficiency, animal health, predator control, etc.).

The trend worldwide is toward these improved technologies,

limited mostly by the market price of animal products.

Examples of methane mitigations that have been analyzed

include:

• A variety of feed additives (e.g., antibiotics,

ionophore antibiotics and steroids) increase growth

rate and increase the feed efficiency of beef cattle,

resulting in 5–15% less methane per unit of product

(U.S. EPA, 1992).

• Somatotropin (bST) to increase milk production,

recently approved in the United States and in several

other countries, is projected to reduce methane by 9%

if adopted for all dairy cows in the United States

(Johnson et al., 1991).

• Treatment of cereal straws with ammonia is a much-

researched method and increases digestibility and

intake, but increases in methane per kg of straw have

been found (Birkelo et al., 1986).

Estimated potentials for adoption of these practices and associ-

ated CH4 reductions are shown in Table 23-6. The greatest

opportunity for reducing CH4 emissions from ruminants is

through feed supplementation of cattle and buffalo in Africa,

Asia, and Latin America (Leng, 1991; Lin et al., 1994).

Supplementation of the diets of native cattle/buffalo in India

has been shown to decrease CH4 emissions per liter of milk

produced by a factor of three and per ton of live weight gain by

a factor of six (Leng, 1991).

Opportunities for reducing CH4 emissions from intensively

managed cattle are somewhat limited because the CH4 produc-

tion per unit of cattle feed is small with a high-quality diet. For

dairy cattle, estimated reductions are 10% by genetic improve-

ment, 10% through use of bovine growth hormone (if permit-

ted), and 4% through improved feed formulation (CAST, 1992;

U.S. EPA, 1992). For beef cattle, pharmaceuticals being devel-

oped that promote protein gain at the expense of fat could

reduce CH4 emissions by as much as 20% (CAST, 1992).

Longer-term opportunities include the production of twins to

reduce the need for breeding animals and biotechnological

approaches to modify rumen fermentation (CAST, 1992; U.S.

EPA, 1992). Overall, the combination of these mitigation

options could decrease CH4 emissions from ruminant animals

by approximately 30% (Table 23-6). However, increasing food

quality may result in increased N2O emissions and increased

energy use, thereby decreasing the effect of the estimated

decreases in CH4 emissions (Ward et al., 1993).

23.3.1.1.2. Animal waste

Significant emissions of CH4 also occur from animal waste,

varying with waste type and management practice (Safley et

al., 1992; U.S. EPA, 1993). In general, manures from animals

having a high-quality diet have higher potential to generate

CH4 than manures from animals having a low-quality diet.

Actual CH4 emission values depend on the amount of manure

produced, its potential to generate CH4, manure handling prac-

tices, and climate.

Global CH4 emissions from livestock manure were an estimat-

ed 20–30 Mt/yr (Safley et al., 1992). More recently, the U.S.

Environmental Protection Agency estimated this source to con-

tribute 10–18 Mt/yr (Gibbs and Woodbury, 1993); a value of 14

Mt CH4/yr is used here. Manure management systems that

store manure under anaerobic conditions contribute about 60%

of CH4 of this source because CH4 is produced during anaero-

bic decomposition of organic materials in manure (U.S. EPA,

1994). Methane lost from anaerobic digestion constitutes a

wasted energy source that can be recovered by using manure

management and treatment practices adapted for CH4 collec-

tion (Hogan, 1993). With current technology, CH4 emissions

can be reduced by 25 to 80%. Hogan (1993) identified CH4

control options that include (Table 23-6):

• Covered Lagoons—This option is associated with

large-scale, intensive farm operations that are com-

mon in North America, Europe, and regions of Asia

and Australia. Covered animal-waste lagoons have

the potential to recover completely the CH4 produced

from anaerobic waste fermentation. A reasonable esti-

mate is that 40% of the CH4 from these regions could

be mitigated using this approach.

• Small-Scale Digesters—These digesters are designed

to utilize anaerobic decomposition of organic materi-

als for CH4 recovery, typically in small-scale opera-

tions. Wang et al. (1994) noted that about 10 million

such biogas digesters are in use in China. These

digesters also seem applicable to parts of Africa and

South America. Here we assume an efficiency of 70%.

• Large-Scale Digesters—Larger, more technically

advanced digesters can be integrated with manage-

ment practices at large livestock operations.
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23.3.1.1.3. Rice production

The major pathways of CH4 production in flooded soil are the

reduction of CO2 with H2, fatty acids, or alcohols as hydrogen

donor and the transmethylation of acetic acid or methyl alco-

hol by methane-producing bacteria (Conrad, 1989). In flooded

rice fields, the kinetics of microbial reduction processes are

strongly affected by the composition and texture of soil and its

content of inorganic electron acceptors (Neue, 1992). The peri-

od between flooding and the onset of methanogenesis can be

different for various soils (Sass et al., 1992). As methane pro-

duction occurs only under highly reduced conditions, on the

order of -200 mv redox potential, intermittent flooding or mid-

season drainage decreases CH4 emissions (Sass et al., 1992;

Yagi and Minami, 1993). The amount of CH4 produced in a

system is highly dependent upon the quantity of organic carbon

available, either from added rice straw (Schutz et al., 1989;

Yagi and Minami, 1990; Sass et al., 1991; Neue et al., 1994;

Nouchi et al., 1994b) or green manures (Lauren and Duxbury,

1993; Lauren et al., 1994). Rice plants influence CH4 emis-

sions by providing substrate for root exudation and decay

(Schutz et al., 1989; Sass et al., 1991).

There are three processes of CH4 release into the atmosphere

from rice paddies. Methane loss as bubbles is generally a

mechanism during the early stages of plant growth and during

weeding operations. Diffusion loss of CH4 across the water

surface is another but is a relatively slow process. The third

process, transport through rice plant aerenchyma and release to

the atmosphere through the shoot nodes, which are not subject

759Agricultural Options for Mitigation of Greenhouse Gas Emissions

Table 23-6:  Estimated effect of management practices on CH4 emissions from ruminant livestock, livestock manures, and

flooded rice.

Estimated Decrease

due to Practice

Mitigation Practice (Mt CH4/yr)

Ruminant Livestock

– Improving diet quality and nutrient balance 25 (10–35)a

– Increasing feed digestibility 2 (1–3)

– Production-enhancing agents 2 (1–6)

– Improved animal genetics –

– Improved reproduction efficiency –

Total 29 (12–44)

Livestock Manures

– Covered lagoons 3.4 (2–6.8)

– Small digesters 1.7 (0.6–1.9)

– Large digesters –

Total 5.1 (2.6–8.7)

Flooded Rice

– Irrigation managemente 5b (3.3–9.9)

– Nutrient management 10c (2.5–15)

– New cultivars and other cultural practices 5d (2.5–10)

Total 20 (8–35)

a Range of estimates.
b About 50% of total rice area and 60% of total rice grain produced is under irrigation (Neue, 1992).  Methane production is

higher in continually flooded systems and with greater biomass production (Sass et al., 1991). Sass et al. (1992) showed that

draining the field at specific times decreased CH4 production by 88% without decreasing rice yield.  The effect will probably

not be better than 50% when used in the field.  The ability to control flooding and drainage will be available to no more than

30% of the total production.
c Lindau et al. (1993) showed that CH4 emissions can be decreased by adding sodium sulfate (by 28–35%) or coated calcium carbide

(by 36%) with urea compared to urea alone, and by using ammonium sulfate (20%) in place of urea.  With all these approaches,

CH4 production could be decreased by about 20%.  We assume that this potential can be utilized for all rice production.
d Further mitigation potentials are likely to exist in optimizing rice cultivars and other management practices (Neue, 1992;

Sass et al., 1992; Lin et al., 1994; Sass, 1994).  In controlled experiments, a decrease of about 20% was demonstrated for

some of these approaches.  An estimated 10% reduction can be achieved from global rice production.  Composting rice

straw before field application also decreases CH4 from rice fields (Yagi and Minami, 1990).
e Drying the soil surface during the cropping season may increase N2O emissions.  The net effect of both gases needs to be

evaluated before the practice can be recommended.



to stomatal control, is generally the most important emission

mechanism (Cicerone et al., 1983; Seiler et al., 1984; Nouchi

et al., 1990, 1994a, 1994b). During the course of the rice-grow-

ing season, a large portion of the CH4 that is produced in the

flooded soil is oxidized before it escapes to the atmosphere

(Schutz et al., 1989; Sass et al., 1992).

Revised emission estimates: Minami (1993) proposed the

methodology for estimating global CH4 emission from rice fields

and presented a CH4 emission range of 10 to 113 Mt CH4/yr from

world rice paddy fields. A review of CH4 studies in China, India,

Japan, Thailand, the Philippines, and the United States (Sass,

1994) tightened the range of projected CH4 emissions from rice

fields. In his calculations, Sass combined the data for total area of

rice paddies with the flux estimates published in various chapters

of Minami et al. (1994) to produce Table 23-7. For China and

India, the annual CH4 flux estimates were specified by Wang et

al. (1994) and Parashar et al. (1994), respectively. In the other

cases, the figures are based on the minimum and maximum

reported emission averages. The rice areas in the countries shown

in Sass’ estimate represent 63% of the total world rice paddy area

and result in a total annual CH4 emission of 16 to 34 Mt.

Extrapolating these data to the world, Sass estimates total CH4

emissions from rice fields to range between 25.4 and 54 Mt/yr,

with 50 Mt/yr as a best-guess global emission value. This value

is near the IPCC (1992) best estimate of 60 Mt CH4/yr, but the

range indicates that the actual rate may be lower. Wang et al.

(1994) estimated the annual CH4 emissions from rice in China to

range between 13 and 17 Mt/yr. Lin et al. (1994) estimated a

slightly lower value from rice in China of <12 Mt CH4/yr.

Estimates of CH4 emission reduction: Applying the following

major management options to global rice production could

decrease CH4 production in rice: (1) water management, (2)

nutrient management, (3) cultural practices, and (4) new rice

cultivars (Table 23-6).

23.3.1.1.4. Biomass burning

The burning of biomass results in the emission of CH4 because of

incomplete combustion. Emission factors for CH4 (i.e., the frac-

tion relative to emitted CO2) vary greatly (0.1% to 2.5%) depend-

ing on whether the fire is hot, flaming, or smoldering combustion

(Levine et al., 1993). In response to declining agricultural yields

and increasing population pressures, farmers in many regions

convert forests to cropping land, and many of their techniques

involve burning. For example, shifting cultivation requires that

forests be cut, and logging debris and unwanted vegetation

burned; the land is then farmed for several years, then left fallow

to rejuvenate. Savanna and rangeland biomass is often burned to

improve livestock forage. Agricultural residues are also burned in

the field to return nutrients to the soil or reduce shrubs on rota-

tional fallow lands. Such agriculture-related burning may account

for 50% of the biomass burned annually. In addition, about 50%

of the worldwide crop residues are burned in small-scale cooking

and heating stoves (Hao et al., 1988).

Estimates indicate that 8,700 Mt dry matter/yr (Andreae, 1991)

of biomass and 1 to 5% of the world’s land (U.S. EPA, 1990b)

is burned. Of these estimated CH4 emissions, those from trop-

ical forest clearing for agriculture, savanna burning, and agri-

cultural crop residue burning are portions of total biomass

burning that can be attributed to agricultural practices. Those

sources total about 22 Mt CH4/yr. Burning of crop lands, grass-

lands, and forests may be reduced through sustained land man-

agement programs and the promotion of different land-use

practices, including the following:

• Increasing the productivity of existing agricultural lands

• Lengthening the rotation times and improving the

productivity of shifting agriculture

• Increasing grassland management

• Incorporating crop residues into soil

• Increasing the use of crop residues as household fuel

(remembering that a balance between fuel use and

maintenance of soil fertility must be maintained)

• Replacing annual or seasonal crops with trees.

Using various combinations of these practices, an estimated 50% of

the CH4 emitted annually from burning of agricultural wastes (~2.7

Mt/yr) and 20% of other agricultural burning (~3.3 Mt/yr) could be

eliminated, providing a total potential mitigation of ~6 Mt CH4/yr.

23.3.1.1.5. Methane oxidation in soil

Land-use changes and other human-induced alterations of C

and N cycles during the past centuries appear to have decreased
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Table 23-7:  Estimates of methane emissions from rice fields.

Total Area Total Rice CH4

of Rice Grain Yield Emission

Country Paddies (Mha) (Mt/yr) (Mt/yr)

China 32.2 174.7 13–17a

India 42.2 92.4 2.4–6b

Japan 2.3 13.4 0.02–1.04c

Thailand 9.6 19.2 0.5–8.8d

Philippines 3.5 8.9 0.3–0.7e

USA 1.0 6.4 0.04–0.5f

Other 54.6 158.5 9.2–20

World Total 147.5 473.5 25.4–54g

a Wang et al. (1994). CH4 values based on an area-weighted

summation for specific regions of the country.
b Parashar et al. (1994).  CH4 calculated as in (a).
c Yagi et al. (1994).  CH4 values based on measured mini-

mum and maximum emission rates from the country.
d Yagi et al. (1994).  CH4 calculations as in (c).
e Neue et al. (1994).  CH4 calculations as in (c).
f Sass and Fischer (1994).  CH4 calculations as in (c).
g World total emission rate obtained by an area scaling of the

total of the emission rates measured (Sass, 1994).



CH4 oxidation in aerobic soils (Ojima et al., 1993), increased N

deposition on temperate forest soils (Steudler et al., 1989), and

decreased CH4 uptake by 30 to 60%. Methane oxidation was

decreased by about 50% by tilling a semi-arid grassland even

when no N fertilizer was ever applied (Mosier et al., 1991). The

decrease in CH4 oxidation in soils when forests or grasslands

are converted to agricultural use has been observed in tropical

(Keller et al., 1990, 1993) and temperate (Steudler et al., 1989;

Mosier et al., 1991; Dorr et al., 1993; Dobbie and Smith, 1994)

environments. The decrease seems to be greater as the intensity

of the agricultural practices increases. Ojima et al. (1993) esti-

mated that land-use changes during the past 200 years have

decreased the global temperate soil sink for CH4 by 20–30%.

A portion of this effect can be attributed to inhibition of CH4

uptake by inorganic N (Steudler et al., 1989; Keller et al.,

1990; Mosier et al., 1991; Nesbit and Breitenbeck, 1992;

Hütsch et al., 1993). Additions of inorganic N have been

shown to reduce CH4 uptake in many, but not all, cases

(Steudler et al., 1989; Mosier et al., 1991; Adamsen and King,

1993; Cochran et al., 1995).

Reeburgh et al. (1993) estimated the global aerobic soil sink to

be about 40 Mt CH4/yr. From a review of available CH4 uptake

data, Minami et al. (1993) constrain total terrestrial CH4 con-

sumption between 7 and 78 Mt/yr. Insufficient information is

currently available to recommend agricultural practices to

increase the oxidation of CH4 in cultivated soils.

23.3.1.2. Nitrous Oxide

Nitrous oxide is produced primarily by microbial processes in

the soil (Bouwman, 1990). Anthropogenic emission of N2O

occurs as a result of land conversion to agriculture and is likely

to be most intensive in agricultural systems that have high N

input. Because soil production is the major agricultural source of

N2O, this topic is emphasized (Granli and Bockman, 1994).

Agricultural N2O emissions are thought to arise from fertilization

of soils with mineral N and animal manures (this N is partly recy-

cled mineral N and relocated soil mineral N), N derived from bio-

logical N fixation (legume crops and free-living N-fixing

microbes), and from enhanced soil N mineralization (Duxbury

and Mosier, 1993). Information is available only to assess the first

three sources (Mosier and Bouwman, 1993; Isermann, 1994a).

Nitrous oxide also is directly evolved during biomass burning,

and produced in soil after burning, and enhanced emissions arise

during conversion of tropical forest to agriculture (Batjes and

Bridges, 1992).

A variety of factors control rates of the two microbial process-

es (nitrification and denitrification) that produce N2O and N2O

yield. Important variables are soil water content, temperature,

nitrate or ammonium concentrations, available organic carbon

for denitrification, and pH. Because interactions among the

physical, chemical, and biological variables are complex, N2O

fluxes from agricultural systems are highly variable in both

time and space (Duxbury and McConnaughey, 1986; Smith,

1990; Beese, 1994; Clayton et al., 1994; Kroeze, 1994;

McTaggart et al., 1994). Consequently, prediction of N2O

emissions associated with a unit of N applied to a specific field

or fixed by legumes (Mosier, 1993) is not yet reliable. Such

predictive capabilities are needed because N2O emissions

derived from agriculture are >75% of the anthropogenic

sources (Isermann, 1994a).

23.3.1.2.1. Revised N2O emission estimates from

agricultural soils

Estimates of N inputs to agricultural soils and associated N2O

production are presented in Tables 23-8 and 23-9, respectively.

The data are grouped into seven regions of the world. These

estimates consider both N2O directly emitted from agricultural

fields and the indirect emissions that occur during parts of the

year other than the cropping season, after the N leaves the

field. The N fixation contribution does not include N2O pro-

duced in legume pastures. Australia and New Zealand, for
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Table 23-8: Estimated nitrogen applied annually to agricultural lands as synthetic fertilizers and animal wastes, and land

area cropped with pulses and soybeans.

Synthetic N Manure N Manure N Used Harvested Area of

Consumed Produced as Fertilizer Pulses + Soybeans

% of Total

Region Mt Mt Manure N Mt ha x 106

Africa 2.1 20.9 50 10.5 12.8

North and Central America 13.1 7.8 70 5.5 28.1

South America 1.7 21.9 50 11.0 23.5

Asia 37.3 37.4 70 26.2 48.5

Europe 13.6 12.3 90 11.1 4.0

Oceania 0.9 0.5 30 1.5 1.4

Former Soviet Union 8.7 10.1 90 9.1 6.6

Total 77.4 115.3 74.9 124.9



example, contain large areas of pasture land that include

legumes as part of the pastoral system. Little data are available

for other parts of the globe.

The estimate of synthetic fertilizer N inputs to agricultural soils

and the land area of harvested pulses and soybeans are based on

country data published by FAO (1990a, 1990b). These values

are subject to uncertainty, as are the highly uncertain animal

manure N values adapted from Safley (1992) and Bouwman et

al. (in press). The quantities used as fertilizer for each region are

shown in Table 23-8. These numbers are based on estimates of

animal distribution and management systems for each region

and are not very reliable because of the lack of information.

In addition to including multiple N input sources and N2O

derived from N-fixation, a revised method for calculating the

contribution of N2O from agriculture is used for the estimates in

Table 23-9. Earlier estimates generally were based upon assess-

ments derived from reviews of published N2O emissions data

(Bouwman, 1990; Eichner, 1990). More recently, Bouwman et

al. (in press) reviewed the literature again and presented anoth-

er assessment of N2O emissions. They noted that loss of N2O

from agricultural soils may be presented in three ways: (1) the

total loss during the period covered by the measurements; (2)

the difference between fertilized and control plot, which is

referred to as “fertilizer-induced N2O loss”; and (3) the total

loss calculated as a percentage of fertilizer N applied.

Bouwman et al. (in press) estimated the total emissions of N2O

from a regression equation: total annual direct field N2O-N loss

= 1 + 0.0125 * N-application (kg N/ha). The value of 1 kg

N2O-N/ha represents the background N2O-N evolved; the

0.0125 factor accounts for the contribution from fertilization.

This estimate includes N sources from a variety of mineral and

organic N fertilizers and was based on long-term data sets. The

total flux represents N2O from all sources: native soil N, N

from recent atmospheric deposition, past years’ fertilization, N

from crop residues, N2O from subsurface aquifers, and current

N fertilization.

As explained in Mosier (1993), soil management and cropping

systems and unpredictable rainfall inputs affect N2O emissions

more than mineral N sources. As a result, for the purpose of

estimating N2O production from fertilization, we do not use

different multiplication factors for different fertilizer types.

Limited data also indicate that organic N sources such as ani-

mal manures and sewage sludge induce larger N2O emissions

per unit of N added to the soil than does mineral N (Bouwman,

1990, 1994a; Benckiser and Simarmata, 1994). Because of the

lack of adequate parallel experiments that cover the range of

possibilities of mineral and organic N applications, a single

conversion coefficient is used for all sources.

Although these emission estimates are variable, the range is

lower than suggested in the OECD/OCDE (1991) calculation

methodology. Experience in conducting field flux experiments

suggests that much narrower constraints can be placed on the

N2O flux predictions. Bouwman (1994a) estimated that 1.25 ±

1.0% of the applied N was directly emitted, as N2O encom-

passes approximately 90% of the direct contributions of fertil-

ization to N2O emissions.

The indirect contribution of fertilizer N to N2O emissions, apart

from the fields where fertilizer is applied, also must be consid-

ered. Based upon the discussions of Duxbury et al. (1993),

Mosier (1993), and Isermann (1994a), and the large amounts of

N2O frequently found in subsurface aquifers (Bowden and

Bormann, 1986; Minami and Ohsawa, 1990), an estimated

additional 0.75% of N applications will eventually be evolved

to the atmosphere as N2O resulting from N leaching, runoff, and

nitrogen oxides (NOx) and ammonia (NH3) volatilization.

The direct and indirect N2O-N emissions from application of

mineral or organic N total approximately 2 ± 1% annually

(Mosier et al., in press). This estimate is expected to encom-

pass more than 90% of field situations. Nitrous oxide from bio-

logical N-fixation is calculated by multiplying the area of land

used for growing pulses plus soybeans in each region by 4 kg

N/ha (Duxbury et al., 1982; Galbally et al., 1991).
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Table 23-9:  Estimates of direct and indirect emissions of N2O from application of fertilizer N (synthetic or animal waste) to

agricultural soils and from soils growing biological N-fixing crops (Mt N2O-N/yr).

Estimated N2O from

Region Mineral N Animal Waste N-Fixation Total Range

Africa 0.04 0.21 0.05 0.30 0.15–0.45

North and Cental America 0.26 0.11 0.11 0.48 0.24–0.72

South America 0.03 0.22 0.09 0.34 0.17–0.51

Asia 0.75 0.52 0.19 1.46 0.73–2.19

Europe 0.27 0.22 0.02 0.51 0.26–0.77

Oceania 0.01 0.03 0.01 0.05 0.03–0.08

FSU 0.17 0.18 0.03 0.30 0.19–0.57

Total 1.53 1.49 0.50 3.50 1.8–5.3



23.3.1.2.2. Mitigation of N2O from agricultural soils

A significant fraction of the N2O evolved from agricultural

systems could be avoided if some combination of agricultur-

al management practices listed in Table 23-10 were adopted

worldwide. These practices are recommended mainly to

improve synthetic fertilizer and manure N use efficiency.

The underlying concept in limiting N2O emissions is that if

fertilizer N (all N applied to improve crop growth) is utilized

better by the crop, the amount of N needed to meet the grow-

ing demand for food will be less; therefore, less N2O will be

produced and less N will leak from the system (Isermann,

1994b; Sauerbeck, 1994a, 1994b). Some of these practices,

such as use of nitrification inhibitors, have been shown to

have a direct effect on decreasing N2O emissions in field

studies (Aulakh et al., 1984; Minami et al., 1990; Bronson et

al., 1992). Ryden (1981) and McTaggart et al. (1994) have

shown that timing of application of different types of syn-

thetic fertilizer with seasonal water distribution can limit

N2O production.

From Table 23-10 the amount of N2O-N that is amenable to

management is estimated. In these calculations, it is assumed

that two-thirds of the N2O from N applied as manure or syn-

thetic fertilizer is directly emitted from agricultural systems.

The remaining one-third is emitted indirectly as a result of

runoff, nitrate leaching, and transfer of N to other sections of

the ecosystem through NH3 and NOx emissions. Only the direct

emissions are readily amenable to control by on-farm manage-

ment, but management options that decrease the amount of

external N needed to produce a crop also will decrease indirect

N2O production. It was also assumed that N2O produced direct-

ly from biological N fixation cannot be managed. These esti-

mates were based upon estimated fertilizer use and animal N

production in FAO (1990b); thus, they represent estimates for

that year and are not future projections.

By better matching N supply to crop demand and more close-

ly integrating animal waste and crop-residue management with

crop production, N2O emissions could be decreased by about

0.38 Mt N2O-N. Further improvements in farm technology,

such as use of controlled-release fertilizers, nitrification

inhibitors, timing, and water management, should lead to

improvements in N use efficiency and further limit N2O pro-

duction by an estimated 0.30 Mt N2O-N. A total potential

reduction of global N2O emissions from agricultural soils is

thus 0.7 (0.34 to 1.0) Mt N2O-N/yr.

23.3.1.2.3. Release due to biomass burning

Bouwman (1993, 1994b) reviews the status of N2O formation

during biomass burning and estimates a global emission of 0.1

to 0.3 Mt N/yr. This calculation is based on 0.7 ± 0.3% of the N

content of the material burned being lost as N2O (Lobert et al.,

1990; Hurst et al., 1994). The estimate includes only those emis-

sions related to savanna burning and deforestation (Crutzen and

Andreae, 1990; Hao et al., 1990). A mean value of 0.2 Mt N/yr

to represent the N2O emitted directly from biomass burning

related to agriculture is used here. The mitigation potential is dif-

ficult to assess because if crop residue is returned to the soil, part

of the N mineralized will be converted to N2O. A significant
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Table 23-10:  List of practices to improve efficiency of use of

synthetic fertilizer and manure N in agriculture and expected

reduction of N2O emissions assuming global application of

mitigation practices (Mt N/yr).

Estimated Decrease

Practice Followed in N2O Emissions

Match N Supply with Crop Demand 0.24a

– Use soil/plant testing to determine

fertilizer N needs

– Minimize fallow periods to limit

mineral N accumulation

– Optimize split application schemes

– Match N application to reduced

production goals in regions of crop

overproduction

Tighten N Flow Cycles 0.14b

– Integrate animal and crop production

systems in terms of manure reuse in

plant production

– Maintain plant residue N on the

production site

Use Advanced Fertilization Techniques 0.15c

– Controlled-release fertilizers

– Place fertilizers below the soil surface

– Foliar application of fertilizers

– Use nitrification inhibitors

– Match fertilizer type to seasonal

precipitation

Optimize Tillage, Irrigation, and Drainage 0.15d

Total 0.68

a Assumed that fertilizer N use efficiency can be increased to

save 20% of N applied in North America, Europe, and FSU

(Doerge et al., 1991; CAST, 1992; Isermann, 1994a;

Peoples et al., 1995).
b Tightening N cycles may decrease the need for 20% of the

N that is used currently in North America, Europe, and

FSU, thus saving 20% of fertilizer and reducing N2O from

manure by the same amount where applicable (Buresh et

al., 1993; Isermann, 1994a).
c Controlled-release fertilizers (Minami, 1994), nitrification

inhibitors (Bronson et al., 1992; Keerthisinghe et al., 1993;

McTaggart et al., 1994; Minami, 1994), and matching fer-

tilizer type with seasonal precipitation can decrease N2O

emissions 40–90%.  We assume that 10% of all fertilizer-

derived N2O production can be decreased by 50%.
d There is little published data to confirm this assumption

(Granli and Bockman, 1994).  A conservative assumption

of a 5% decrease that can be achieved globally is used.



decrease in the amount of agricultural biomass that is burned

could be achieved by composting the material before it is

returned to the field. It is not known, however, how much N2O

is released during composting. Burning also may make N and

other nutrients more available to soil microorganisms and result

in enhanced emissions of N2O from soil (Anderson et al., 1988;

Anderson and Poth, 1989). Bouwman (1993) and Bouwman et

al. (in press) calculate that from about 12 Mt N/yr remaining on

the ground after burning (Crutzen and Andreae, 1990), 20% is

volatilized as NH3 and that 1%, 0.1 Mt/yr, of the remaining N is

emitted to the atmosphere as N2O. Because of this uncertainty,

we expect a mitigation potential of about 10% of the N2O-N

associated with burning of biomass from agriculture.

23.3.1.2.4. Conversion of tropical forest

Conversion of tropical forests to pastures and arable land may

contribute an important amount of N2O to the atmosphere

(Keller et al., 1993; Bouwman et al., in press). While fluxes may

increase by a factor of 5–8 in the first few years after forest clear-

ing (Luizao et al., 1989; Keller et al., 1993), fluxes gradually

decrease during the following 10–20 years (Garcia-Mendez et

al., 1991; Keller et al., 1993). Bouwman (1994b) estimates that

about 0.4 Mt of additional N2O-N is emitted annually. We esti-

mate that a 20% reduction from existing levels can be achieved.

23.3.2. Summary of Methane and Nitrous Oxide Emissions

and Potential Decreases

Mitigation options are available that could result in significant

decreases in CH4 and N2O emissions from agricultural systems.

If implemented, they are likely to increase rather than

decrease crop and animal productivity. Implementation has

the potential to decrease CH4 emissions from rice, ruminants,

and animal waste by 30–40% (Table 23-11). The key to

decreasing N2O emissions is improving the efficiency of plant

utilization of fertilizer N. This could decrease N2O emissions

from agriculture by almost 20%. Using animal waste to pro-

duce CH4 for energy and digested manure for fertilizer may at

some time be cost effective. Economic analyses of options

proposed should show positive economic as well as environ-

mental benefits.

23.4. Economic Feasibility of Mitigation Options

As shown in the preceding sections of this chapter, there are

policies and tools that, if put into effect, can reduce net car-

bon emissions from agriculture and increase sequestration.

Carbon emissions and capture in agriculture can be brought

into balance, but agriculture always will be a net source of

N2O and CH4. Practices are described in this chapter that

would reduce these emissions but not eliminate them. In the

case of N2O, these practices include changes in the timing

and placement of fertilizer and use of nitrification inhibitors

and fertilizer forms that slow the release of N. In the case of

CH4, these practices include shortening the time during

which rice paddies are inundated, altering feeding and hus-

bandry practices to diminish emissions per unit of animal

product produced, and utilizing animal wastes for biogas

production.

Implementation of these practices will require decisions at

many different levels. For example, development of a biofuel
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Table 23-11:  Estimated potential impact of mitigation options on CH4 and N2O emissions from agriculture.

Estimated

Amount Emitted Potential Decrease

Source (Mt/yr) (Mt/yr) (%)

CH4

– Ruminant animals 80 (65–100)a 29 (12–45) 36

– Animal waste 14 (10–18) 3 (2–7) 21

– Rice paddies 50 (20–60) 20 (8–35) 40

– Biomass burning 22 (11–33) 6 (1.5–4.5) 27

Total 166 (106–211) 58 (24–92) 35

N2O-N

– Mineral fertilizer 1.5 (0.5–2.5) 0.3 (0.15–0.45) 20

– Animal wastes 1.5 (0.5–2.5) 0.3 (0.15–0.45) 20

– N-fixation 0.5 (0.25–0.75) – –

– Biomass burning 0.2 (0.1–0.3) 0.02 (0.01–0.03) 10

– Soils after burning 0.1 (0.05–0.2) 0.01 (0.005–0.015) 10

– Forest conversion 0.4 (0.1–1) 0.08 (0.04–0.12) 20

Total 4.2 (1.5–7.25) 0.71 (0.36–1.1) 17

aRange of estimates.



industry will require changes in infrastructure, institutions,

and regional and national policies. At a different scale and

level of decisionmaking, the rancher can help reduce CH4

emissions by providing his/her animals with feed additives.

Even the nomadic herder can do this by providing urea-con-

taining blocks for grazing animals to lick. What are the

incentives and disincentives for them to do so? Here we

examine the feasibility for agricultural producers and the

likelihood that they will adopt GHG reduction methods

described in this chapter.

It seems reasonable that the world’s farmers, ranchers, and

pastoralists will not volunteer to implement practices pro-

posed to mitigate greenhouse-forced climate change. This will

happen only if the producer is convinced that profitability will

improve if these practices are implemented. Incentives such as

subsidies can be created to encourage their adoption, and

penalties for nonadoption can be imposed.

Examples of mitigation efforts include the following:

• No-till agriculture that increases C storage in the soil

is one example of a GHG-mitigating practice that

meets the criteria for successful, unforced adaption.

No-till practices are used increasingly in the United

States in the production of corn, soybeans, and wheat.

No-till accounted for about 10–14% of the total

acreage of these crops in 1992, double what it had

been 5 years earlier.

• Nutrient management practices that result in lower N

application rates should reduce emission of N2O. Soil

testing, fertilizer placement, timing, class of fertilizer,

and inhibitors are practices that supply nutrients in

better accordance with plant physiologic demands.

These practices are more likely to be economically

feasible on crops that have high N demands (e.g.,

corn, cotton, and wheat). Because these practices

already are being adopted to some extent, only mini-

mal institutional programs may be needed to signifi-

cantly increase their level of use.

• Reducing the number of days that rice fields are

flooded will require large land and water resource

investments to provide supplemental storage to

change time of flooding. Economic feasibility will be

dependent on many unique characteristics of the pro-

ject site. Such cost estimates will need to address

financing and repayment of any structural develop-

ments and how such developments change hydrology

of water systems and impact other users, in addition to

adoption costs incurred by individual producers. As

there are no obvious on-farm benefits, and there are

adoption costs for this practice, institutional interven-

tion to provide economic incentives or a mandate

requiring the practices will likely be needed.

• Increasing quality in livestock feeds is recommend-

ed as a means of reducing CH4 emission per unit of

animal product. In developed economies, where

there is a high consumption of red meats and dairy

products, most livestock animals already are fed

higher quality roughage and concentrates. Producers

have the knowledge and technical expertise to

improve the quality of feed if it can be shown to

increase their profits. In developing or underdevel-

oped countries, land needed for higher-quality

roughage production often competes with the food

needs of humans. Livestock rely on crop residue and

other coarse roughage produced on land not suited

for more intensive uses. To add concentrates to feed

and to supplement pasture and range with improved

crop species adds to production costs. Also, land

resources may not be able to support improved

species. Whether the benefits generated exceed these

costs can best be determined through cost/benefit

case studies involving local conditions. Local pro-

duction relationships, input prices, and local markets

will affect long-term economic feasibility.

In general, practices that recover investment cost and generate

a profit in the short term are preferred over practices that

require a long term to recover investment costs (Rahm and

Huffman, 1984). Practices that have a high probability associ-

ated with expected profits are desired over practices that have

less certainty about their returns. When human resource con-

straints or knowledge of the practice prevent adoption, public

education programs can improve the knowledge and skills of

the work force and managers to help advance adoption. Crop

insurance or other programs to share the risk of failure due to

natural disaster can aid the adoption of practices that increase

productivity or expected returns.

23.5. Uncertainties and Future Research Needs

Uncertainties in our present assessment stem from two main

sources. Both of these sources point to future research needed

for improving our assessment of mitigation options. One

source is the inherent unpredictability of future conditions that

are controlled primarily by social, economic, and political

forces. These conditions include such things as future trends in

fossil fuel usage and the degree to which various mitigation

strategies will be implemented—decisions that hinge on fac-

tors such as economic conditions, environmental awareness,

and political will. The most effective way of dealing with these

uncertainties is by developing analytical tools that can incor-

porate socioeconomic factors as potential scenarios in model

gaming exercises. Currently, such tools for agricultural sys-

tems on a global basis do not exist.

The second source of uncertainty involves deficiencies in our

scientific understanding of GHG processes, as well as inade-

quacies in the information base needed to apply the knowl-

edge that we do have. Gaps in basic understanding can only

be addressed through basic research; however, our current

ability to assess GHG mitigation in agricultural systems is prob-

ably more constrained by a lack of baseline data, in an orga-

nized and usable format, than it is by insufficient scientific

765Agricultural Options for Mitigation of Greenhouse Gas Emissions



understanding. Thus, the research needs outlined below focus

on the need for compiling and analyzing baseline information:

• Carbon Sequestration in Agricultural Systems—

The assessment of potentials to increase C stocks in

agricultural systems could be improved by using a

structured, model-based analysis with global cover-

age. Suitable models for such a task currently exist and

have been used for regional-level analyses (see

Section 23.2.2.3). The elements that are lacking are:

(1) spatial databases linking climate, soils, and land

use and management, which are needed as model

inputs; and (2) reliable experimental data to calibrate

and/or verify model predictions. A compilation of agri-

cultural land-use information to develop a classifica-

tion and mapping of agroecological/management

zones for the world is sorely needed. Existing long-

term agricultural experiments can provide information

to evaluate model predictions for different manage-

ment systems, and soil and climate conditions. Efforts

are underway to establish networks of long-term

experiment sites and data (Paul et al., 1995; Powlson

et al., 1995), but they are still at an early stage.

• Bioenergy Production from Agricultural Lands—

Research needed to improve assessments of CO2 mit-

igation potential through increased use of biofuels

includes better technical knowledge of biofuel pro-

duction and energy conversion efficiencies, as well as

information on socioeconomic factors affecting the

utilization of biofuels. These needs include: (1)

improved information on the actual C feedstock value

of forest, agroforestry, and agricultural management

systems; (2) better data on energy inputs for the pro-

duction of wooden goods and tree-derived chemicals

and their substitutes; (3) better data on land availabil-

ity, including cultural, social, and political factors that

may preclude some lands from use for C offset pro-

jects; and (4) better data, including economic analy-

ses, for the use and efficiency of biofuels, particular-

ly where that usage is conducted outside markets. 

• CH4 and N2O Emissions from Agricultural

Systems—Research needed to improve assessments

of CH4 and N2O mitigation options includes improved

synthesis and coordination of existing information

and additional field measurements: 

– Available field emission/consumption data need to

be carefully assimilated so that comparisons of data

sets can be made on a uniform basis. Those data

sets that were collected over an insufficient period

of time, used inadequate methodology, or are from

nonrepresentative systems should be omitted.

– Existing data need to be applied to validate and cal-

ibrate process-based models. Model estimates of

gas fluxes should incorporate soil, cropping sys-

tem, climate, and fertilizer management influences.

– Field data on gas fluxes are still woefully inade-

quate. Research needs include year-round field

flux measurements in a variety of soils, climates,

and cropping systems to compare the impact of

management on gas fluxes and to determine the

tradeoffs between CH4 and N2O flux when man-

agement options are exercised. Assessment of

entire cropping sequences (e.g., rice-wheat-rice)

are needed. The combined use of different flux

measurement techniques is needed to evaluate

systems over time and space.

Efforts to improve national, regional, and global estimates of

gas fluxes are best accomplished through combined efforts.

Unfortunately, other than for organizational exercises, little

national or international funding has become available to con-

duct the needed research.
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